Objective. To develop an optical spectral transmission (OST) model to measure joint inflammation, and thus disease activity, as well as to evaluate (patho-)physiological findings that could lead to misclassification of inflammation.
Introduction
MRI and US are sensitive, but scanning multiple joints is time-consuming and costly. Recently it was concluded that new imaging methods for assessing joint inflammation in RA are necessary to accurately assess changes in disease activity over time and that it is important to evaluate the feasibility, reliability and validity of new modalities to ascertain high-quality outcome measures [5] .
A new modality is optical spectral transmission (OST), which measures the blood-specific absorption of light transmitted through tissue. This absorption is decreased in case of joint inflammation and angiogenesis. Previous research using OST has shown it is a good candidate for assessing joint inflammation of hand joints. OST is stronger than swollen or tender joint counts (SJC and TJC, respectively) associated with inflammation assessed by US [6] . When evaluating subclinical inflammation in MCPs 25 and the wrists with MRI in patients in remission (DAS28 < 2.8), a high correlation on the individual joint level with OST was found (Rheumatoid Arthritis MRI Score; r = 0.52, P = 0.005) [6] . However, high sensitivity and specificity could not always be replicated and OST performed better in PIP and MCP joints than in the wrists [6, 7] . To improve the diagnostic performance of OST, especially in the wrist, a new light source has been implemented, with software adjusting light intensity based on an initial optical transmission map of the hand, tailoring light transmission to the individual patient's hands.
OST measures light transmitted through tissue, which is reduced in the presence of joint inflammation, for example, related to RA. Additionally, tissue changes such as osteophytes or erosions might also influence light transmission, leading to over-or underestimation of joint inflammation.
The aim of this study was to develop an OST model to measure joint inflammation, and thus disease activity, in patients with RA. Moreover, (patho-)physiological factors that could lead to misclassification of inflammation were evaluated.
Methods

Subjects
Fifty patients with RA according to ACR/EULAR 2010 criteria were recruited at the outpatient clinic of the department of Rheumatology and Clinical Immunology at the University Medical Center (UMC) Utrecht between May and September 2016. In four patients a reliable OST value at the patient level could not be established because of movement or incorrect positioning of hands during the scan, leaving data on 46 patients for analysis. To be eligible for inclusion, patients with RA had to have at least one swollen finger or wrist joint, be between 18 and 90 years of age, have a recent (42 weeks) ESR value and be able to give informed consent. Exclusion criteria were obvious deformations of the hand, hand or wrist joint prostheses, other inflammatory diseases that could explain pain or swelling in the hand joints (e.g. PsA, gout), intra-articular treatment with glucocorticoid injection in the hand or wrist joints within 3 months, trauma or surgery of the hand and wrist joints within 6 months prior to the study, light sensitivity (i.e. erythropoietic protoporphyria) and photodynamic therapy.
Assessments were US evaluation, OST measurements and DAS28, all systematically performed according to established guidelines by separate experienced examiners blinded for other study outcomes. All measurements were performed within 1.5 h at the UMC Utrecht. The study complied with the Declaration of Helsinki. The study was approved by the Ethics Committee of the UMC Utrecht (NL 50848.041.15). All patients provided written informed consent before enrolment.
Ultrasonography
Ultrasonography was performed by one experienced examiner (P.v.d.M., physician assistant rheumatology) using a MyLab 60 system (Esaote, Genoa, Italy) with an 186 MHz linear array transducer. Patient and probe positioning were according to EULAR guidelines [8] . Joint regions assessed were the wrists and, in the hands, MCPs 15, PIPs 25 and IP 1. Assessed were synovitis of the joints and, in addition, as factors potentially leading to misclassification by OST, tendinitis/tenosynovitis, dorsal vascularity at the MCP and PIP joint regions, osteophytes, erosions and chondrocalcinosis. Synovitis of joints was assessed at all joint regions, both the dorsal and volar aspects, except at the wrist, where radio-and intercarpal (RC and IC) joints were only scored dorsally. Greyscale US (GSUS) findings, combining joint effusion and synovial thickening [9] , and power Doppler US (PDUS) findings were scored according to OMERACT [10, 11] on a semiquantitative scale (03). Tendinitis/tenosynovitis findings of extensors and flexors at the joint regions were scored by longitudinal (LT) scan, if GSUS > 0, for the presence or absence of PDUS. The hand's superficial venous system is located mainly on the dorsal side of the hand and has a highly variable pattern. Dorsal vascularity at the MCP and PIP joint regions could be confused with tendinitis/tenosynovitis of the extensor tendon but could be differentiated by recognition of interposed normal connective tissue [12] . This vascularity was scored as present or absent. Osteophytes, as cortical protrusions, were scored at all dorsal joint regions, as present or absent. Erosions were defined as discontinuities of the joint bone surface visible in two perpendicular planes; the dorsal and volar joint regions were separately scanned and scored for erosions as present or absent [13] . Chondrocalcinosis, defined as focal hyperechoic deposition at the triangular fibrocartilage complex (TFCC) level, was scored dorsally in the LT view at the extensor carpi ulnaris tendon superficial to the ulnar-carpal joint, as present or absent.
Since grade 1 GSUS synovitis has been found in healthy subjects and is of limited prognostic value in RA [14, 15] , US inflammation was defined as GSUS synovitis >1 or PDUS synovitis >0 or GSUS/PDUS tenosynovitis >0. For individual subjects, the number of joints with inflammation was counted (US joint count). Also, the sum of GSUS synovitis, GSUS tenosynovitis, PDUS synovitis and PDUS tenosynovitis scores was calculated (US joint index).
OST measurements
OST measurements were performed with the HandScan (Hemics, Eindhoven, The Netherlands) operated by a rheumatology nurse. Both hands were inserted through cylindrical openings that contain pressure cuffs. Scanning laser light (wavelengths of 660 and 808 nm) illuminated the (P)IP, MCP and wrist joints of both hands and reference areas, all from the palmar side. Light transmitted through the joints and reference areas was recorded continuously at the dorsal side by a complementary metaloxide semiconductor (CMOS) camera at a rate of 4 frames/s, alternatingly between the 660 nm wavelength and the 808 nm wavelength. A complete measurement consisted of four phases and was performed within 100 s: phase 1, inflation of the cuff to 5 mmHg (10 s); phase 2, inflation of the cuff to 50 mmHg; phase 3, maintaining 50 mmHg (60 s); phase 4, deflation of the cuff to 5 mmHg (30 s) (see supplementary Fig. S1 , available at Rheumatology online). Regions of interest (ROIs) were traced automatically for all joint regions (joint ROI) and automatically for a region distal to each joint (reference ROI), based on the pictures taken by the CMOS camera. Reference ROIs allowed for correction for systemic effects unrelated to inflammation, such as body temperature and the use of vasoactive medication (see supplementary Fig. S2 , available at Rheumatology online). OST measurement was performed twice, before and after US, with $20 min of rest after US examination (to enable normalization of blood flood), to evaluate the testretest reliability of OST.
Clinical assessment
Subjects filled out a global assessment of disease activity regarding the past 2 days on a visual analogue scale (0100). SJC and TJC was performed in 28 joints by trained research nurses in all subjects. If recent ESR values were available, disease activity (DAS28-ESR) was calculated.
Statistical analysis
Development and diagnostic performance of OST
To convert light transmission data into joint inflammation data of individual joints, an algorithm had to be developed. This process consisted of image analysis, model development and model validation (for a more detailed description see supplementary data, section 'Development and validation of the OST model', available at Rheumatology online). This model provided an OST joint index for each joint, including (P)IPs 15, MCPs 15 and the wrists of both hands (OST index range 03), and a total OST index, which was the weighted average of all joints involved times 22 (maximum number of joints; OST index range 066). For development of the model, duplicate measurements were used. For all other analyses, duplicate OST indices were averaged, given the excellent results of testretest reliability of OST, evaluated by the Pearson's correlation coefficient, the intraclass correlation coefficient (ICC) and means and visualized using BlandAltman plots, at both the joint (individual joint OST) and patient level (total OST) (see details in supplementary data, section 'Test-retest reliability of OST', available at Rheumatology online). The diagnostic performance of the OST and of TJC and SJC was compared with US as the gold standard (scoring joint inflammation as absent or present) by receiver operating characteristic (ROC) curve analyses with 95% CI estimation. For OST, this was done for the following joint/joint groups: (P)IPs 15, MCPs 15, wrist joint and separately for all joints together. For the averaged assessments there were 1003 joints for analysis: 11 joints, bilateral assessments, 22 joints per patient, 46 patients and, in total, 9 individual joints of 5 patients excluded, because of tattoo's or rings that could not be removed. To evaluated the diagnostic performance with that of previously published OST research [6] and differences in the area under the ROC curve (AUC-ROC) were tested for statistical significance using a Z test for equality.
Correlation of OST with US and physical examination
In the ROC analyses for all joint values together (n = 1003), for each discrimination threshold of the curve, Cohen's k values were calculated [16] ; the cut-off for OST inflammation (present or absent) was based on the discrimination threshold with the highest k value. At the patient level, Spearman's rank correlation coefficients of US were computed with DAS28 and total OST (46 patients, one OST per patient). DAS28, being a composite score, comprises more factors than a physical examination alone, potentially decreasing the correlation with US. Moreover, the DAS28 also encompasses joints other than the hand and wrist, therefore, at the joint level, the sum of inflamed joints as determined by OST and US are compared with the TJC and SJC of the hand and wrist joints only [MCPs 15, (P)IPs 15 and wrist, bilaterally; a total of 22 joints per patient].
Influence of (patho-)physiological findings on misclassification of inflammation by OST To determine which (patho-)physiological factors caused misclassification by OST, 2 Â 3 tables were created where the presence or absence of a factor was tabulated against classification (three classes). These three classifications were (i) false negative: joint inflammation at US, but not at OST; (ii) false positive: joint inflammation at OST, but not at US; (iii) true positive and true negative combined: joints with both imaging modalities scored as inflamed or not inflamed. Pearson chi-square tests were used to determine whether a factor was related to the distribution of the classification. If the chi-square P-value was <0.1, the variable was selected for further analysis. This was a multivariate nominal logistic regression with the classification [(i), (ii) vs (iii) as reference] as a dependent nominal variable and the selected variables as independent variables. Variables with no statistically significant independent contribution to misclassification (whether false negative, false positive or both) were removed one by one from the model starting with the least significant one, to arrive at the final model.
The multiple regression analyses to develop the OST model were performed using Hemics in-house software (InFlame RA-160205, 3 November 2016); all other analyses were performed using SPSS Statistics for Windows, version 21.0 (IBM, Armonk, NY, USA). All tests were two-sided; P < 0.05 was considered statistically significant.
Results
Patient demographics are reported in Table 1 ; 71% of the patients were RF positive and 71% were CCP antibody positive. Patients had moderate disease activity with a mean DAS28 of 3.9 (S.D. 1.20). All subjects tolerated both OST measurements without any adverse events. Influence of (patho-)physiological findings on misclassification of inflammation by OST A total of 1003 joints were evaluated by both OST and US. Inflammation in 167 (17%) joints was misclassified by OST, using US as the reference standard. Of these misclassified joints, inflammation in 94 joints (9%) was overestimated and inflammation in 73 joints (7%) was underestimated. In Table 2 , the frequency of classification per (patho)-physiological variable is presented. The prevalence of the different (patho-)physiological findings in this population varied, as did the side of the hand on which they most often occurred. Erosions were rare, observed more frequently on the dorsal than volar side (3% vs 1%, respectively). Tendon inflammation was more frequent in flexors than extensors (5% vs 2%, respectively). The presence of a vascular pattern adjacent to the joint was seen in 16% of the joint regions. Osteophytes were observed in 21% of the joint regions. Chondrocalcinosis at the TFCC was only observed in 2% of the wrist joints. All (patho-)physiological findings were associated with misclassification in a minority of cases (Table 2) . No false-positive classification was seen in joints with volar erosions. Chondrocalcinosis was only assessed at the wrist (TFCC) and was only present twice. Chi-square tests were statistically significant for all variables except for chondrocalcinosis, abnormal vasculature and flexor tendinitis. With chondrocalcinosis excluded, remaining (pathological) findings relate to MCPs and PIPs only. Figure 2 shows examples of US assessments of joints with (patho-)physiology: a vascular pattern adjacent to the extensor tendon, extensor tendinitis and erosive changes; cases 2A and 2B were classified correctly by OST, whereas 2C and 2D were misclassified. In the final multivariate logistic regression model, dorsal erosions, extensor tenosynovitis and osteophytes remained (see Table 3 ). Inflammation of an MCP or PIP joint, as determined by OST, had a higher risk on a false-negative classification if dorsal erosions, volar erosions, osteophytes or extensor tendinitis were present, and a higher risk of false-positive classification in the presence of osteophytes.
Discussion
Our findings show that OST is a sensitive and specific technique to assess inflammation not only in the hand but also wrist joints of RA patients. The new laser light source that was implemented has improved the diagnostic performance of OST in MCP, PIP and wrist joints, as shown by the ÁAUC-ROC, compared with previous research [6] performed with similar methods. Still, diagnostic performance in the MCP and PIP joints was higher than that in the wrist. With US as a reference standard, at the joint level the optimal cut-off for OST yields a sensitivity higher than either SJC or TJC (60% vs 46% or 50%, respectively) and a specificity similar to SJC (89% vs 86%, respectively) but higher than TJC (78%). This finding is supported by evaluating Cohen's k, which in itself is a measure for accuracy, and is found to be higher when comparing US to OST than to SJC or TJC (47% vs 30% vs 24%, respectively). Testretest reliability of the duplicate OST measurement, reflected by the ICC and Pearson scores at both the patient and joint levels (supplementary data, section 'Testretest reliability of OST', available at Rheumatology online) is especially high considering the possible variations between measurements caused by the time between measurements, differences in hand position and joint manipulation necessary for US evaluation. A recent study on the intra-observer reliability of US evaluation of inflammation in hand and wrist joints of RA patients using the same semiquantitative scoring as our study, showed fair to excellent weighted k coefficients. Although evaluated using different statistical analyses and in a slightly different set of joints, the reliability of assessing inflammation by OST seems at least as high as that of US (supplementary data, section 'Test-retest reliability of OST', available at Rheumatology online) [17] .
At the patient level, the inflammation determined by OST correlated moderately with the inflammation determined by US, whereas the correlation between DAS28 and US assessment was very weak. The DAS28 components, such as the visual analogue scale of pain, are known to poorly correlate with inflammation as defined by GSUS or PDUS [18] , therefore correlations at the joint level were evaluated for TJC and SJC separately. At the joint level, inflammation determined by US strongly correlated with inflammation by OST, weakly with SJC
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AUCs for OST vs US in all joints and separately vs US of MCP, PIP and wrist joints. Sensitivity and specificity of tender and swollen joint assessments (physical DAS28 components) with US as a reference. and very weakly with TJC, and the latter could be expected in patients with low to moderate disease activity and being actively treated; inflamed joints are not necessarily painful. The prevalence of osteophytes, as scored by US dichotomically, was rather high. Osteophytes of all sizes were scored as present, even very small osteophytes (grade 1; scale 0À3); however, they seem a relevant source of both over-and underestimation of inflammation. Osteophytes decrease the amount of light passing through the joint, potentially leading to underestimation of inflammation (see supplementary Fig. S2 , available at Rheumatology online). The false-negative classification of inflammation associated with osteophytes cannot yet be explained. Erosions could cause an increase in the amount of light passing through the joint space and thus an underestimation of inflammation. Extensor tendinitis may involve the whole length of the tendon or be localized; a tendon with inflammation within the reference area but no inflammation within the ROI of the joint might cause an underestimation of inflammation of the joint. The prevalence of pathological findings other than osteophytes was low, as is to be expected in an RA population without deformities of the hands. Even if tendinitis/tenosynovitis caused an overestimation of joint inflammation, clinically the decision regarding RA treatment would be similar. The pathological findings that are clinically relevant when monitoring disease activity using OST seem specifically related to bone changes, especially osteophytes.
A relatively frequent (16%) physiological finding was the presence of a vascular pattern adjacent to the extensor tendon, but it did not have a significant influence on misclassification of inflammation, probably because of usage of reference areas; a representative US example is provided in supplementary Fig. S2 , available at Rheumatology online.
Given these results, in our view OST is suitable as a disease monitoring tool in an RA population without clinically significant hand and wrist joint deformities.
Limitations of this study are the use of a single, though experienced, examiner for performing US (P.v.d.M.) and a single examiner (K.S.) for performing the physical examination, not allowing testing of interobserver variability. A drawback of OST is that it assesses inflammation of hand and wrist joints only. However, in daily clinical practice, OST would probably be applied next to other assessments, for example, the RA patient's grading of disease activity and the ESR. The development and validation cohort were the same; while this is not optimal, several precautions have been taken to prevent overfitting of the OST model, including increasing the dataset (duplicate measurements), using leave-oneout cross-validation and parameter reduction (see details in the supplementary data, section 'Development and validation of the OST model', available at Rheumatology online).
Summarizing, OST is a sensitive, specific and objective technique to assess inflammation of joints of the hands and wrists of RA patients, even though joint pathology of bone and tendons may increase the risk of misclassification. OST now should be further validated as a monitoring tool in early RA patients in a randomized controlled trial setting comparing OST-guided and DAS-guided treat-totarget strategies. Multivariate nominal logistic regression; false classification (yes/no) as dependent variable and relevant US findings as independent variables. The reference category is a true-positive classification and true-negative classification together. FN: false-negative classification; FP: false-positive classification. Exp(b): the odds ratios (ORs) for the predictors; the OR of having a false classification (false positive or false negative) with respect to true classifications (true positive and true negative) in the presence of a pathophysiological finding (erosions at dorsal scanning, osteophytes or extensor tendinitis). The reference category is a true-positive classification and true-negative classification together.
